Controlling the surface structure of metal and metal alloy nanoparticles is critical for their catalytic applications. [1] [2] [3] In catalysis, noble metal alloy nanoparticles have been studied to maximize their catalytic efficiency by selecting the exposed crystal facets for the intended reaction. [4] [5] [6] [7] [8] The concentration of edge, corner, and facet sites, which are a function of particle size, has been found to have a profound effect on the particle's catalytic activity. [9] [10] [11] [12] It has been observed that the spatial variation of elements in bimetallic systems affects the nanoparticle's catalytic properties by controlling the surface strain and in-situ etching. [13] [14] [15] Recent studies with bimetallic nanoparticle systems have shown that the elemental distribution within the alloys is not homogenously distributed. 13, [16] [17] [18] The elemental distribution of the as-prepared alloy nanoparticles is highly dependent on the reaction conditions, including the precursors, ligands, and reduction mechanisms, of both of the components. [17] [18] However, with the recent progress in the investigation of the spatial variation in bimetallic systems, it has become obvious that systematic studies of the reaction conditions and parameters are required to understand their effects on the formation of alloy nanoparticles.
Recent research into de-convoluting the effects of reaction conditions on bimetallic nanoparticles investigated altering the reduction rate of both of the components by controlling the precursor to form core-shell vs. alloy PdPt nanoparticles. 18 Studies with monometallic systems have examined the effect of precursors and reaction additives on the size and shape of the nanoparticles. These studies have assessed the effect of the added surfactants, [19] [20] [21] the precursor ligands [21] [22] and the oxidation state on the reduction kinetics of the nanoparticles. 11 Additional systematic studies of individual reaction components for nanomaterials are still needed for researchers to understand the reaction system, particularly for bimetallic nanoparticles.
In this study, we investigated the effects of metal precursors on the formation of shape-controlled platinum alloy nanoparticles via flow chemistry [23] [24] [25] at elevated pressures and super-critical temperatures in toluene. We demonstrate broad control of nanoparticle size, independent of its shape, along with the surface segregation of platinum in the presence of halides. These findings introduce a method for fully scalable size tuning of shape-controlled nanoparticles with a tunable surface structure by controlling the exposed surface facets and the spatial distribution of the bimetallic components.
METHODS Electron Microscopy. Bright-field transmission electron microscopy (BF-TEM) of the prepared samples was performed with an electron microscope (FEI Company Model Titan G 2 80-300 ST) with an extra-brightness field emission gun (x-FEG) at the accelerating voltage of 300 kV. All the size distributions were measured using over 500 particles. For the PtCu samples, the imaging and EDS acquisition were performed on a 400 square mesh nickel grid with a carbon film on top (Electron Microscopy Services). For the PtNi samples, the imaging and EDS acquisition were performed on a 400 square mesh copper grid with a carbon film on top (Electron Microscopy Services). STEM-EDS mapping, tomography and aberration-corrected HAADF-STEM were performed on 200 square mesh thin bar gold grids with carbon film (Electron Microscopy Services).
The energy dispersive X-ray spectroscopy (EDS) ratios and map ratios were obtained on a detector from EDAX, Inc. with a lithium-doped silicon diode, a beryllium window and an optimized solid angle of 0.07 stradians. The detector was cooled with liquid nitrogen. Prior to EDS acquisition, the stage was tilted to its optimized position, +14 degrees, and mapping was performed. The EDS ratios were taken from over a thousand particles, averaging multiple areas for statistical analysis with Titan-ST. HAADF-STEM was performed with a camera length of 100 mm and a 50 micron C2-aperture.
HAADF-STEM tomography was performed from -75˚ to 75˚ with PtCl4 and CuCl2 and from -70˚ to 70˚ with PtBr4 and CuBr2. The acquired data were aligned and reconstructed in Inspect3D, and the volume was generated with the simultaneous iterative reconstruction technique (SIRT). The volume-rendering technique was applied to the tomograms for 3-dimensional shape analysis using Avizo-Fire software.
High-resolution STEM (HR-STEM) analysis of the samples was performed on a Titan G 2 80-300 ST operating at 300 kV equipped with a spherical aberration corrector (CsCorrector) to achieve HR-STEM analysis with sub-angstrom spatial resolution (0.8 Å). Prior to the experiments, the Cscorrector was used to decrease the spherical aberration in the STEM micrographs by reducing the third-order coefficient (C3) of spherical aberration to approximately less than one micron.
X-Ray Diffraction (XRD). XRD patterns were obtained from samples prepared on zero background silicon plates with a Powder XRD Bruker D8 Advance instrument with Cu Ka radiation (1.5409 Å).
RESULTS AND DISCUSSION
Reactions were performed to study the effect of metal precursors on the formed nanoparticles. The synthetic methodology was adapted from the work of Zhang et al. 6 and Wu et al. 26 The synthesis of the Pt3Ni nanooctahedra was reported by Zhang et al. using W(CO)6 to control the shape of the particles, which was proposed to occur due to the reaction between W 0 and Pt 2+ to slowly form Pt 0 in solution, allowing the particles to grow thermodynamically. 6 The tungsten was reported to stay in solution as W 6+ at the end of the reaction and not form an alloy with platinum under their conditions. 6, 27 Subsequently, several groups showed that the major effect of the metal precursors in the synthesis occurred due to the binding of carbon monoxide to the metal surface and changing the stability of the exposed surface facets. 26, [28] [29] For platinum-nickel and platinum-copper alloys, the {111} facet is favored and the octahedra are formed in the presence of W(CO)6 6, 30 or carbon monoxide. 26 W(CO)6 is thought to dissociate completely under similar reaction conditions and behaves similarly to carbon monoxide gas in nanoparticle syntheses. 31 We found that the use of W(CO)6 and CO gas provided essentially the same results and was needed for the shape control ( Figure S1 in the Supporting Information). The oleylamine was originally used as a solvent by Zhang et al. 6 In this synthesis, oleylamine was reduced to 10 equivalents and 1-adamantane carboxylic acid was reduced to 1 equivalent, allowing for the optimized synthesis conditions. The use of 1-Adamantane carboxylic acid reduced both the size and the size distribution of the particles formed ( Figure  S2 ). Given the unique reaction conditions of the flow reactor, the particles could be produced continuously with a 7.5 minute-residence time. The reactions were run at a pressure of 10 bar to prevent toluene from boiling at 200 °C and to retain the carbon monoxide gas in solution that was generated during the reaction.
The parameters studied were the effect of the ligands and the oxidation state of the precursors on the formed nanomaterials. The chemical environment (oleylamine, 1-adamantane carboxylic acid, tungsten carbonyl and toluene) remained constant, whereas the precursors for the platinum and nickel or copper were changed from acetylacetonates to chlorides to bromides. The platinum halide precursors were also studied according to the Pt(II) and Pt(IV) oxidation states. The particle edge length was determined by measuring along the {111} facet, and the composition was determined by energy dispersive X-ray spectroscopy ( Table S1 ), and with NiCl2·6H2O and PtCl4, the formed particles were 9 ± 1 nm (~Pt46Ni54) nano-octahedra ( PtCu and PtNi show a general increase in particle size in order from the acetylacetonate precursors to the chloride precursors and then to the bromide precursors. The average composition became more nickel rich with the halide precursors (Table S1) , and the PtCu varied around Pt40Cu60 (Table S2 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 ning transmission electron microscopy (HAADF-STEM) analysis presented in Figure 2 . In all cases, the particles were imaged along the [110] zone axes and were bound by the {111} facet (Figure 2 A-F) . The particles formed with both of the acetylacetonates have no apparent preference in the brightness of the atomic columns beyond the thickness effect ( Figure 2 A and B ) and appear to be random alloys. 16 For the particles formed with the halide precursors, a bright outline is visible along the edge atoms of the particles (Figure 2 C-F) , which is attributed to the atomic contrast. For the PtCu particles formed with PtBr4 and CuBr2 (PtCu-Br), a surface step is evident, and additional HAADF-STEM micrographs show that there is a higher degree of surface indentation in the samples prepared from bromide precursors (SI Figure S4) . To understand the intensity differences in the HAADF-STEM images, the octahedra formed with PtCl4 and CuCl2 (PtCu-Cl) and with PtBr4 and CuBr2 (PtCu-Br) were investigated with STEM-EDS spectrum imaging. The elemental map of PtCu-Cl and PtCu-Br (Figure 3 A-L) shows platinum enrichment on the surface of the nanoparticle and copper enrichment in the center (Figure 3  C-J) , which is in agreement with the HAADF-STEM images. From the intensity line profiles, it can be seen that the platinum surface enrichment occurs ~2 nm before the nanoparticle edge in both of the samples (Figure 3 K and L). For PtCu-Br, the platinum intensity also shows an increase at the surface (Figure 3 L) . The platinumrich shell can be seen at all orientations (SI Figure S6) . The results with PtNi also show a higher proportion of platinum at the surface (SI Figure S7) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 To investigate the three dimensional surface morphology differences between the PtCu-Cl sample and the PtCu-Br sample, tomography was performed. The volume-reconstructed tomogram of PtCu-Cl showed {111} facets and slight truncation at its side corners, exposing the {100} facet (Figure 4 A) . Near the [100] zone axis, the truncation at the top of the particle is due to anisotropy of the particle width (Figure 4 B-E). The volumeconstructed tomogram of PtCu-Br (Figure 4 F) shows unevenness and concavity into the {111} surface facets to differing extents. The concavity into the four oriented {111} facets is observable near the [100] zone axis ( Figure  4 G) . In the different angle projections of the nanoparticles from the PtCu-Br sample (Figure 4 H-J) , the darker areas along the {111} facets correspond to the uneven areas. The unevenness occurs as indentations along the {111} facet of the octahedra; therefore, it is not obvious from all angles and is the most obvious near the [111] zone axis where the concave surface of the nanoparticles give the appearance of a hexagonal star structure (Figure  4 I ).
The uneven facet structure is most prominent in the PtCu and PtNi nanoparticles formed with both of the bromide precursors (SI Figure S4) and therefore is postulated to occur because these samples have the highest concentration of bromide. Literature studies with PtNi octahedral have shown etching into the {111} facets when exposed to oxygen, 4, 13, 32 and using halide containing solvents. 4, 13 Halides are commonly reported etchants in the presence of oxygen, [33] [34] and bromide has been reported to even etch noble metals, such as gold. [35] [36] The surface indentations can be minimized by performing the reaction under nitrogen ( Figure S8) ; therefore, the surface structure is considered to arise from the oxidative etching by the O2/Br -pair. The surface indentations would create a higher-energy surface for chemical reactions than the pure {111} faceted surfaces. 4, 32 The elemental segregation observed with the formation of a platinum-rich shell is similar to observations reported in dealloying studies of PtCu 14 and etching of PtNi octahedra. 13, 15, 17, 37 Surface enrichment in single stage reactions could occur due to a sequential nucleation of one component before the other, 38 adsorbate induced segregation, 38 a galvanic replacement step 38-39 or the etching of one element. The use of carbon monoxide gas has previously been considered to favor platinum surfaces due to the strong Pt-CO bond. 40 The use of the less noble copper and nickel metals would also be susceptible to galvanic replacement by the Pt n+ species and possible oxidative etching in solution. [13] [14] Surface rearrangement due to the carbon monoxide adsorbate as well as galvanic replacement and oxidative etching of the nanoparticles in solution is hypothesized to be occurring in this study. In this case the lower chemical stability of copper and nickel would lead to these metals being etched on the surface of the nanoparticle. The larger amount of segregation for copper would be due to the positive segregation energy to the surface for Pt in PtCu. 41 The XRD patterns of the particles synthesized from the different precursors showed a sharpening of the peaks, which is consistent with the increasing particle size when changing from the acetylacetonates to the chlorides and then to the bromides ( Figure 5 ). There is also a shift to the right in the peak positions for the PtNi alloys ( Figure  5 A) as the particles become increasingly nickel rich when changing from the acetylacetonates to the chlorides and to the bromides. The PtCu alloys also showed a shift towards higher 2Theta values. The particle size via the Scherrer Equation fits closely for Pt(acac)2 + Ni(acac)2·2H2O (4.4 nm) and Pt(acac)2 + Cu(acac)2 (3.1 nm). For the particles prepared from the halide precursor, asymmetry can be seen in the peaks, therefore fitting with two Gaussian components (Table S3 ). The asymmetry occurs due to a broader secondary peak at the lower 2Theta, arising from the platinum-rich shell. This shell is 1.6 -3.7 nm for the PtNi particles and 3.5 -4.6 nm for the PtCu particles when changing from the chloride precursors to the bromides (Table S3) . Similar asymmetry has been reported with dealloyed PtCu nanoparticles by Yang et al. 15 The PtNi and PtCu alloys show an increasing ratio of the (111) reflection to the (200) and (220) reflections. This result is indicative nanoparticle ordering so that only the (111) plane is perpendicular to the X-ray source, which becomes more prominent with the larger particles as the particles become more aligned with their {111} facet flat against the substrate. The larger particles would be less affected by the surface roughness of the XRD plates. In the PtCu system, as the etching becomes evident, there is an increase in the (200) reflection, indicating a reduction in ordering. Figure 1 . The dashed lines are guides for the Pt(111) peak in black, the Ni(111) peak in green and the Cu(111) peak in blue.
To understand the effect of both metal precursors on the particle size, we studied all of the precursor combinations (SI Figures S9-14 and Table S4 -9) . Looking first at the platinum precursors effect in the alloy synthesis, an obvious trend is seen across all of the precursor combinations with the nickel and the copper of an increasing particle size with Pt(acac)2<PtCl2<PtCl4<PtBr2<PtBr4 (Figure 6 ). This trend is not the same as that of the pure platinum in which the particle size increases from Pt(acac)2<PtCl4<PtCl2<PtBr4<PtBr2 (SI Figure S15) . The trend for pure platinum mimics the halide stability of the platinum complexes. 42 However, the effect of the Pt(IV) to Pt(II) in solution is reversed with respect to the findings of Yang et al. in polar solvents 11 and is hypothesized to be due to the stability of the Pt(IV) ion vs. the Pt(II) ion in non-polar solvents. The effect of the secondary metal would be due to the increasingly negative standard reduction potentials of platinum, causing a rapid reoxidation of the reduced nickel or copper species, while only reducing half the amount of metallic platinum.
The halides introduced by the platinum precursor show a linear relationship with the size of the PtNi system (Figure 6 A) , with the bromide ions having a greater effect than the chloride ions. This general effect on the size of the nickel or copper precursor is Ni(acac)2·2H2O <NiCl2·6H2O<NiBr2·2H2O ( Figure 6A ), and Cu(acac)2 <CuX2, where CuBr2 and CuCl2 are within the error of each other (Figure 6 B) .
Size control with the precursors in the PtNi system is based on the concentration of halides used and increases nearly linearly with halide addition (Figure 6 A) . This can be seen as the size of the particles produced from the mixed precursors are the same if the platinum and nickel salts are reversed, for example, the particles formed with Pt(acac)2 and NiCl2·6H2O are within error of those produced from PtCl2 and Ni(acac)2·2H2O. We propose that the nickel precursors undergo mixing of their ligand shells in solution with the oleylamine substituting the halides, in contrast to the copper precursors in which the ligands modify the precursor structure ( Figure S16 ). The oleylamine is also considered to displace the original aqua ligands around the nickel precursor, as the oleylamine is in excess to the waters of hydration. It should also be noted that nickel readily forms a carbonyl, 7, 43 which would further alter the nickel precursor during the synthesis, causing the displacement of the halide species and possibly interacting with platinum.
Across all of the nanoparticle systems, there is a trend towards lower Pt:Ni ratios when using the halides, with the lowest values using PtBr4 (Figure S17 A) . For the PtCu particles, there is slight decrease in the Pt:Cu values when using PtBr4, but the Pt:Cu ratio does not vary, displaying an obvious trend with the different precursors (Figure S17 B) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 The systems studied show that even when altering the reduction kinetics of the precursors individually the nanoparticle alloys are still formed. This is considered to be due to the interplay between the two precursors in solution via galvanic replacement and diffusion of the metals over time. The effects of galvanic replacement of the Ni(II) or Cu(II) with the Pt(IV) precursors could theoretically oxidize twice the amount of copper or nickel into solution compared with Pt(II), thus reducing the number of initial nuclei. The halides would alter the equilibrium between M 0 and M n+ slowing the reduction process and increasing re-oxidation of the metals into solution. The halide ligands also form compounds that decrease the reduction rate of the platinum precursors by decreasing reduction potentials in analogy to the findings of Mirkin et al. with gold. [44] [45] In contrast to previous works with halides, [44] [45] we did not observe a noticeable halide effect on the surface faceting of the octahedral or residual halides on their surface ( Figure S18 ). This is thought to be due to the fact that the carbon monoxide injected with W(CO)6 is in excess by three times the maximum amount of halides added. However, the halide ligands have a large effect on the elemental composition of the nanoparticle surface, causing an enrichment of the surface in all the cases and a high degree of etching upon the introduction of bromides in the presence of oxygen.
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The observed effects of the precursor ligands and surfactants in this study are compared to the five major ways ligands and surfactants could act on the nucleation and growth of nanoparticles outlined by Ortiz and Skrabalak. These in short are by (i) effecting the coordination of the metal centers determining the initial stability of the reduction step, (ii) the coordination to the growing surface of the nanoparticle effecting it's colloidal stability, (iii) the coordination to the surface determining the atom addition and thus facet stability, (iv) the possible ability for the surfactant or ligand to act as a reducing agent or (v) as an oxidative etchant. 21 In this study we have shown that the initial ligands for the precursors determine the initial stability of the metal center for platinum and copper precursors and not the nickel. This appears to be due to the oleylamine and carbon monoxide replacing the ligands of the nickel. The oleylamine and carbon monoxide would determine the colloidal stability and also dominate the surface interactions for the nanoparticles growth directions and reducing behavior. The halides would still interact to some degree with the surface during growth and is predicted to act as an etchant with oxygen shifting the equilibrium between the M n+ in the solution and M 0 in the nanoparticle.
CONCLUSIONS
The approach described in this article is completely scalable and can be run continuously to allow production of these particles on an industrial scale. The method enables control of the nanoparticle size and the degree of surface segregation of the nanoparticle alloys formed by selecting the ligand shell of the precursors used in the reaction. The particles were readily tuned from 3 -16 nm with PtCu and from 4 -11 nm with PtNi. The final particle size increases while changing the ligands from acac<Cl<Br in all cases and when moving from Pt(II)<Pt(IV) in the bimetallic systems. The nanoparticle size is much more sensitive to the copper precursor than the nickel precursor and this is predicted to be due to the oleylamine displacing the halide ligands before the reaction. In this reaction system, the carbon monoxide dominates the formation of the surface facets during the reaction, but the choice of starting ligands around the precursor affects the size of the overall particle and the surface composition of the nanoparticles formed. The larger octahedra formed with the halide precursors are shown to have surface enrichment of platinum on their surfaces. The use of bromides as precursors gives rise to indentations on the {111} facets of the octahedra leading to an open surface structure. The precursor effect is seen in both platinum-copper and platinum-nickel alloys and is thought to be due to the galvanic replacement process occurring in solution and the difference in the standard electrode potentials between platinum and nickel or copper. The use of acetylacetonate and halides to control the nanoparticle size and surface segregation of metals 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 10 Authors are required to submit a graphic entry for the Table of Contents (TOC) that, in conjunction with the manuscript title, should give the reader a representative idea of one of the following: A key structure, reaction, equation, concept, or theorem, etc., that is discussed in the manuscript. Consult the journal's Instructions for Authors for TOC graphic specifications.
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